An Investigation of Aircraft Heaters XII : Performance of a Formed-plate Crossflow Exhaust Gas and Air Heat Exchanger by Morrin, E H et al.
------- ---------.-~-- ~-----.--
ARR No. 3E10 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
ORIGINAU Y ISSUED 
May 1943 as 
Advance Restricted Report 3E 10 
AN INVESTIGATION OF AIRCRAFT HEATERS 
XII - PERFORMANCE OF A FORMED - PLATE CROSSFLOW 
EXHAUST GAS AND AIR HEAT EXCHANGER 
By L. M. K. Boelter, H. G. Dennison, 
A. G. Guibert, and E. H. Morrin 
University of California 
WASHINGTON 
NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution. 
W-17 
https://ntrs.nasa.gov/search.jsp?R=19930093706 2020-06-16T23:21:37+00:00Z
• 
~--------- -_ ..... --~~-------
NAT IONAL ADVISORY CO~MITTEE FOR AERO NAUTICS 
ADVANCE RESTRIC~ED REPORT 
AN INVESTIGA'TIO ;:·:· OF AIRCRAFT HEATERS 
XII - PERFOR~ANCE ·OF A FOR~ED-PLATE CROSSFLOW 
EXHAU ST GAS .A-i.l~ D AIR HEAT EXCHAYGER 
By L. M. K. Boelte r, H. G. Dennison, 
A. G. Guibert, and E. H. Morrin 
SU EMARY 
Performanco d~tn on a Trane exhaust gas and air heat 
exchan~er are Dre8en~ed . he~t transfer rates were meas-
ured u;iag ex~~~~t ~& s rates rang in ~ fro~ 455~ Ib/~r to 
7000 Ib/hr ani ~f tilat ing- ai r rgt ~s f rs~ 2200 l~/hr to 
4750 . l b/l~ :.·. T~:t~ in::'et exheusij gE;.b t CIu1='e r "l',1;re 'i;ee main-
tained at ap~ ro ~~8ately 1~C0° F; dhe~3as ~he i ~lc~ temue r-
atu.rt:: of the ventiLlting R:i. r i,as a-oout 951) F . P:.esS')re 
d~o? measureme~ts were ~a~e aC_CBS t he exhcust-cas side 
and ncr-oas the -,- e:-lti. :'..eting eir sid.e of the heat e:K~h.s.nger 
u r: d e r i sot 1. e r _n 9. 1. c. n ri n c: n - i sot 11 \~ ~.3 1 can d i t ion s . . I n add i -
tion, isotherma l pr38cu.re dro·;:J S acroGS the inlet and 
outlet air ducts aleno ~ere mSOGured . 
'The max i muL rr!ea~;n.red rat e of heat tra nsfer was 
369,000 Btu/hI' ~ith D&x imum sta cic pr~ssurc drops of 18 . 8 
inches of ~ 8t er rnd 1~.9 irches of WA te r on t~e exh~ust 
g~S And vO Dtil ating Blr si~es of the heat exchanger , 
r e sp e c t i vel y . 
'The mcreurcd ther rr al outD ~t s aad the static nressure 
drops are co~p Rred w~ th uredicte~ ma~~ itudcs. 
n~TRO:CU cr I ON 
T~e heRter was tested on the lar ~e tect stand in the 
Mechahical Engineerine L~b ora to r ies of tn e Univ~TsitJ of 
C eli for n i a. (S e e ph 0 tOE- ra p!l (f i g . 1) and a ~ e s -:: j: :: p t ·L 0 11 0 f 
t his t est f:? tan din ref ere n c e · 1.) T his he ate r \7 a s des i g ned 
for use in the exhaust gas sy stem of aircraft engines for 
the purpose of supply ing heated air to the cabin , the wing, 
and the tail surfaces. 
2 
Th e f ollowinp data werp obtqin~d : 
1 . Weight rates of pxh~ust ~RS And vp~tilatinp air 
throu~h the two sidps of the heqt pxch~npor 
2. Tem~eratures of ventilatinp air and o~ 2xhAust 
gAS at nntrqnce and 9x it of the heat~r 
3. Temn a ratur es of the heater surfaces 
4 . St~tic Dr~ssurB droD measur Ame nt~ on .the exhaust 
pBS and ventil~ting air ~ides of tho hRater 
und e r both isothe rmal and. non-i s othermA,l flo'.' 
conditions 
5. Isothormal static nr ~SR ure dron mo~suraments 
across the a ir iDl ~ t and outlat ducts 
DESC~IPTION OF TF~ TR~NE HE'TER A-D OF mpE TESTING PRCCEDURE 
The tran e he~t r r is an all - nrime-surface crossflow 
unit consisting of alt0rnate ventil at ing air and exhaust 
~~ s passB~e 3 made from preformed sheets about 13~ by 7~ 
inches . Th e pa ss afe s on the exhaust r a s side, 56 in number , 
a r e straight diamond - shane chann e l ~ 1~1 inche Q in l ength, 
- 4 
On the ventilatinp air side, ther e nre 15 zi~7ag pasqag~s 
of rectangular cr os s section ~nd a l en~th of 6 ~ inches 
2 
the sinuous nas sages of which conform t o thn contour s of 
th e '-, xh,q,u s t {"'"ns na ;-; sac.ec; . The shee ts ar'· mounted in a 
frame of light anple iron, fo r minp R unit wi~h over - all 
dimensions of an rroxim a t e ly l~~ by ~~ by ~~ inches. A 
sketch of th e heat pxchanper ie; shown in figur e 7. Al s o , 
photo~rnnhs of th g heater are 3hown in figu r 0s 2 to 4. 
Th e inl et duct of the Rir shroud c)~t Rinpd v ~nps arr~npad 
to distribut e thp flow f)f v "'nti lqtinp , .ir acro ss thF' heRt"'r. 
The weight rat es of pxhaU3t ~as Rnd ventilatinp Rir 
we r ~ obt pi ned by m ·a n s o f cRlibrRtnd sauRro-odpB orifices . 
Th e> pxhR.u . t ""lS temner"l,tllr"' , ,.ro r '" f.1PA,SUrec A.t the 
inl e t Rnd out l et of the hpRte r bv 'mp~ns of R hi f ld~~ trav-
e r s i ng thermocouTIlp~ . Unshinl~ed tr~versin~ thermocounles 
WRre used to me Rs ur e th a temnpr~turp of the v entil~ tinp 
air . 
3 
A.. mixinc cl evice '~a-:; used A.t the exit of the nr·tural-
~RS furnRee to i~~ro ve t::e temperatare distribntion at 
the entran ce to the teater . Th e t e fu~erature distributions 
( i n (1 e f' F ) \1 ere as folIo \1 S : 
Exhaust {!.P.s inlet ±7 '~8 rcent of complete uniformity 
E~: rw,1.1, s t c- as 0 utI e t ±2 per c. e n t a f co jJ ~ let e un if 0 r mit y 
Ven t ilatln~ air outlet ±I~ percent of complete uni-
formity 
Ventila ti ng air inlet ( comnlete uniformity) 
T~le trA,versin~' thermOC01J,l)les "ere i:.1sta,11ec, "t the 
f 0 110\ Ii n[' ::-' 0 i n t s : 
Exhaust ~~S inl o t tehl~e r at~re traverse - 15 inches 
upst':e~m from heate r 
:Sxhr1.ust r' S ou:;18"t temT'era,ture tra.verse - Cl4 ~ inches 
do wn stream from teatar 
Ventilati!l;'!, l3i r inl ;,t te',,') ra, ure trav"l' ,,"e -
7 inc he 8 u:r, s t r ~ ,",m fro m l." ate r 
V e n ti l a t i nc -->.1 r 0 1', t let t e w~ e r ", t "lJ.r e t r ~,v ~ r s e -
311- inc Lee (1. 0 \' n g t r E' "l, m fro TTl h e p t 8 r 
The heat l 0S~ to the su r roundin~s was reduced to a 
ne~li~ i ble ~mount by w r Rn~in? th ~ ducts "'nd the heater 
with asbestos sheets . 
Temnorature s of the heater surface" Her") r:1e ..... surec'l at 
six ~o int3 , three oc ~a c~ p ide (ven~ilatin~ nil' inlet and 
outlet ,i~e'l ) of the heats r . ( See firs . 0 n nd 3.) 
Static pressure dro~ meaSlrements vere made ec r oss 
the ve n til at i n G a ir an C, e x h a 1.1. S t (' as c ide s 0 f the h Gat 'H • 
Two tap s , 1 3 0 0 n:" art , w ere i 11 '" -I- ",,11 e d "t e 'J c 11 D res sur e-
meas~r in& st~tion . The nressur c tans on the 8-inch exhaust 
r;ar; ducts vJ ere -)J.aced 5~ inches u 1?stream and 7 inch6s (own-
stream from the haat tran~fer section of the henter; whRTG -
as those on the v entilattnr air sid e e r c plac0d i n a 5-
inch duct Il~ lnche s upstrc~m \nd 14 inch~F do~nstrsRm from 
the air stroud oT'JE:-ri!'.:,'s . 
- -- - --- -----
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I sotherm~l stat ic pressure d~o~ mea~uremcnt3 BCr OSG 
t~e ni r inlot and outlet due s alone were m~de by se"ar~t ­
j n . t has e d u. c t s b""t ails p. '-" c e rile ll.u i v ;~.1·3 n t tot he :1 eat S l' 
\}idth , ,0 tho.t tho ducts \ve .::' in -position!? corr::lR')o::1ding 
co those for meas ).rE;ner.ts across the :h1CtS Rond. the heatE-'r. 
Th o p r 8 S sur 0 d r 0:' i nth 0 II spa c e r II ii fl. S com"p ute d 8. n d f 0 u n d. 
to te n0Gligi ly smal_ . 
SYM OLS 
;:) 
A areR of teat transfer , ft 
to t a l cross - ss ct ional area of the ua~ sa~cs on the 
vrntilating a ir side of the hea~er , ~ta 
tot A.I c r 0 S S - ::; po c t i CJ n 0.1 ;1. r Gao f t. he T) ass '~. C f: S 0 11 the 
ex ha u 2- t & a. ~ aid e 0 -: . '; LIS il::: ::t t c r, f t .8 
Al crn s~ -s ectio n~l ~rca o~ the i nlp ~ R::ld outlet 
e:xh;).'l,;t {""loS ducts , :'t·-
total cr0S~-~Gcttonl~ aro r a~ ttd tDn~rod en~~ of 
the a:;:hA'st {;'1.S V:'·3sn.{~(s , ft2 
cross- sBc ti onq l aTbP of the vrntil~tinr ~i r out let 
f t :e duct , v 
c _ e <.'I. tea p p cit :r 0 f 3. "~r a t con s t !i. n t .' res sur ;' , :3 t u / 1 1) 0 F 
P a 
c hr"l.t c9.'P .. cit~· of exhaust gas (~t consti:lnt pre~sure , 
Pc Btu/~.b OF' 
D hvdrau.lic diaM6t3~, ft 
:DO' bydr;llli.c d i·1.r.1e-;;:o!~ O~ ?xh::;.ust £;8.3 :iid.8 , ft 
t.) 
Ie unit -::'ht:rma.l con"·:) tive cona"ccts-nce ( averaGe '."ith 
length) , r"u/hr ft2 OF 
u~ i t ttsr~al conv8cti.v~ conductRnce for the v6nti!~­
i g ai r ( ~ve ra ~e with length) , ~tu/h_ ft a OF 
fc ~uit th~rmal ccnvoctiv0 cond~ct8. ne e for the exhau t 
'" ( . ... h' t 1) .~ -l' u,/ hr f .1.'J a ° 'to b [ 9.. S r, VeL D..i.:. ... : ".;1 1 li ~ .L 0 :1[' .. 1 , r- . 1:1 
5 
g gravitational force pe r unit of mass, lb/(lb sec 2 /ft) 
G weig~t rate per unit -of area, Ib/hr ft2 , 
weight ' rate per uhit of area for ventilating air, 
1 b/hr, ft2 
Gg weight rate pe r unit of area for exhaust gas , Ib/hr ftB 
Ie 
L 
coefficient for isothermal pressure drop due to 
gradua l contraction of fluids 
coefficient for isother ma l pressure drdp due to 
sudden contraction of fluids 
length of fluid 9assages; ' also length of heat trans-
fer surface, ft 
measured rate of enthalpy change of ventilating ai~, 
Etu/hr 
qg measu red rate of enthalpy change of exhaust gas. Etu/hr 
T 
a 
arithmetic avera~e of three surface temperature meas-
urements taken near the ven tilati ng air inlet,OF 
arithmetic average of three surface temoerature meas-
urements taken near the ventilating ~ir outlet, of 
arithmetic average mixed-mean absolute temperature of 
T a + T a 
ventilating air = --~-----~ + 460. oR 
2 
Tav a rithmet ic average mixed-mean absolute temperature of 
T 
1 
fluid = ~~-~-~~ oR 
2 
arithmeti c 
exhaust 
a v e ra gem i xed - rll e a nab sol ute t e rnp era t u reo f 
Tgl + Tg8 
gas = ----'--~- + 460, oR 
2 
mixed-mean absolute temnerature of fluid at entrance 0'1:"' 
section (point 1), R 
mixed - mean absolute tShlDsrature of fluid at exit 
section (point 2). oR 
6 
T_ 
150 
11 i xed - n e an q. b sol 11 t e t em-a era t 11 reo f flu i d for 
thermal pressure drop tests, oR 
iso-
, , 
mean velocity of fluid at Hlinimum cross-sectional 
, area of ~fl'l?-id passages, ft/sec _ 
U over-all unit thermal conductance, Btu/hr ft2 of 
UA over-all thermal conductance , ~tu/hr of 
W weight rate or fluid , Ib/hT 
Wa weight rate o~ ~ir" Ib/hr 
Wg weight rate of exhaust gas. lb/br 
"weight densit~' of fl~i~ at~ntra~ce ' to heAting 
section (point 1) , lb/ft 3 ' 
'Y " 
1 
~p ~res~~r~ ' drop al~hg heat~r. lb/fta 
6Pa pTessu~e drop along heater on ventilating air side . 
, lb/ft a , 
- 6~1apre,ss~re drop 
'"inthe,s H2 0 
along heater or. ventilating air ' side, 
6Pg ,: pte~s~re a~D~ 
": 6p I g P. r~e ~ "su:- e d.;: 0"0
0
" 
l. ncne S '.':12 
alon& 
along 
heater on 
heater on 
exhaust [ as 'sid'e " Ib/rt 2 
exhaust ga s side, 
6Pcontr 
,6P d t ' uc ' 
6P 
exp 
6?fric 
~iso 
2 
isothe'rIDal pressure drop dv~ to ~ontraction, Ib/ft 
isoth~r a1 pressure draD along inlet an~ outlet 
duct s of - th 'e 'air s'rn ')l,d, ' l"o/ft.2· , - ', : 
isoth erma l p ressur e dro~ due, to expansion, 2 I b/ ft 
( 
isotlier ,:lal pressure, 'd'roD ' due to friction,' Ib/ft 8 
. ," 
isother~ai pi a ssu re drop alorl~ he~ter ~nd ducts 
at t em"Oe ra tu r e T, 0' Ib/.ft 2 
:" , 1 S 
6r;L urn a 
by = h' -
'Y lsoD 2g isoth e r mal friction fact"or defined 
10ga rithr ic mea n teBpe:-ature differer~ce; ' OF 
7 
6 T a difference between mixed-mean temper~tures of venti-lating air at sections defined by points land 2 = 
T a - Ta' , of 
2 1 
tn g difference between mixed - nean tempera ture s of exhaust gas at sections defined by points 1 and 2 = 
T g - T g , of 
1 2 
~ viscosity of fluid, lb sec/ft2 
Ta mixed-mean temperature of ventilating ai r at entrance 
1 section (point 1), of 
T mixed-mean temperature o f ventilating air at exit 
a2 section (po-int 2) , of 
Nu 
Pr 
mixed- me an temuerature of exhaust gas at entrance 
- 0 
section (point 1), F 
mixed-mean temperature of exhaust gas at exit 
section (point 2), of 
Nusselt numb6r __ f cD 
k 
IJ. . c 
Prandtl nuwber .- __ :::2. 3600 g 
k 
Re Reynolds nu mbe r = --~-~---
3600 IJ. g 
METHOD OF ANALYSIS 
, 
He-9.t Transfer 
The thermal out~ut of the heater was determined by 
the enthalpy change o.f the ventilating air: 
i n which 
ventilating 
plot of q 
- a 
gas rate W{:, 
qa = Wa cp (T a - T a ) 
, a ~ -1 
( 1 ) 
was evaluated at the arithmetic average 
~ir te ~perature as a good 
against W at const~nt 
a 
is shown in figure 8, 
approximation. A 
values of the exhaust 
On tho e~hAust g~s side of tbn he~t0r: 
'.Jhore t'. \':a::; .ova111atec1. 101' air t t~e arithmetic avnr -
Pg 
ago c:,~h·.ust ens tomp'31'ature . 
Tho maa~ured over~all thermal 
.. "e ': a 1 u at q d. fro m t h ~ e xI1 r 8 s :; i ') n : 
conductance UA VI as 
C il 0 r en a:; t f: '1. t 
for cOlntcrflow ~ld th J n ~t1~irli~~ bv a correction f~ctor . 
( S'o 0 r l,3 f- ~ r 'e ':1 c· C 2 l Jl . 1 ~r 7 .) I 1'1 P S m '1 c has t hi,; cor!' (3 c t ion 
fn.ctor \1<1" aJ'J 'l. v3 ~ ithin 1 :" ' rcent of ", l. n:'..t~r , tb8 /'d, m 
"J.fL'C" ·in thcS G c~, !.c'\.i.J"·J.tionp \v~lS ta:': :~r to 1.,e. th." t fo~' con-
t Jrflo'! of he fluids . 
A ~lot of ~A as n. func :on of 
:(,8. t 0 ~l., at con;:; 8.n t 7 2. ~ U e 3 0 f i'l o' 
~ 6 
The th0r~a1 outD~t of t~e bo~ter for 
tho v c ~tilatinG air 
iss }- 0 \! n in . f i eu r ') 9 . 
V'1.1u.os 0: 6t1m 
oth€'r t:.an those used 11 '-' '':'0 r:lf;t:i be :Hedictcd oy cletermi.ninc 
~A at thw corros~ondin~ wei~ht ratos from firuro q and 
uJing these macnitudes in eq~ ation (3) . 
T h ,: p r <3 die t () c't r o. t -; 0 f h 0 a t t r '1.l, s f <) r plot t e (i 
9 Vi "J. G c '1.1 c u 13. ted "\) v me '3. n .' 0 f the e r u a t ion 
UA 
in J:' • .llf':urc 
(4) 
',/hore A is t'·.o ~ ; or t . tr . Il !': fcn 8.1'oa., £1n6. the unit th e rmaJ. 
co.l(luct, '.nc e s i and. f ,on th<3 ventiletinr 'lir fI.nd 
cn. . Ct; 
ex h' us t I~ ass i (los 0 f t 110 h (; at;;; r, r <:) _. 11 e c t i v e 1 Y t <'. roe v a 1 u-
c) t .OCI froD ~h c folloHin ;,; cque.t ions : 
" 0.896 
~~ 
G O • 8 
T 8 . 
.n 0.2 
n. 
---- -----' 
-4 
= 5.56 x 10 
9 
( 6) 
where D is the hydyaulic . diameter and the subscripts a 
and g refer to the ventilating air and exhaust gas sides, 
res~ ectively. (See reference 3, equations (16) and (17), 
for derivation of equations (5) and (6).) ... ' 
Pressure Drop 
Measurements of the stat.ic pressure d~ops · across the 
air and gai sides of the ' heater were made u n der isothermal 
and non-isothermal conditions. A det e rmination of the 
pressure drops across the air inlet and outlet ducts alone 
under isothermal conditions also was made. The isothermal 
pr e ssure drop across the heater alone 6Phtr ' was deter-
mined by the difference between the measured drop across 
both ducts and heater 6PT. and that across the ducts 
lSO 
alone 6Pduct ' 
These data 
friction factor 
were eru~loyed to evaluate the isothermal 
tiso for the ~lL ~1~~ of the heater by 
means of the exp~essions 
6Pduct = 6Phtr = 6Pcontr + 6Pfrict + 6P exp ( 7 ) 
The ££~~~~£~!£B loss is obtained from 
6p = K 
contr c 
( 8) 
in vhich urn is the mean velocity in the air passages of 
. 
the heater and ~ is the unit weight of the air. evaluated 
at T. . The mag nitude of K was obtained from refer-lSO c 
ence 4 or reference 5 (Ke = 0.30). 
The fL!£i!£B~l pressure drop is evaluated from 
( 9 ) 
I . 
10 
, . 
• . 2 ( , " :J 
6P = Y --- 1 -Urn .tl.A
-8.
3
'· ) 
c~p _ 2e (1 0 ) 
w 11 ere A. ~, , i 's ' t 11 i) C r 0 S s - se c t ion a 1 a r e a '0 f ·.t h.~ ai r 'S i de 0 f 
c.-
the hoater and.' . :(..3' ,i .3 . t~e ·c,ro·s .s - sr c.t ' .-o nal. a;ron' O.f the 
outl o t ~ ir du ct. Thus ~ iSO ' i s ~bt~i~ed fT 6~ . 
~ ['.( .J.: ) . -::. ..., 6Phtr u m ~. .. 1\ 1 D + Kc + ~ iso (11 ) --- -- = -
'Y 2t, · 'h: 3 D...J 
Ka:' ni tUdQs of p ' ~v~lla~orl f r om ih. is ea uati6n ~i 50 ' 
ar~ g iv o n : in· table 11 . 
F or the ga§ ~ i df t the ~~a sur o d igot~ o rma l static 
prcssur2 dro~ bP T , Wa s tha~ acro'ss the heater a l one ; I S0 
so 6P htr = 6FT. . The ga- passa~es were s lightly ISO 
tauG r 3d on ,oc c h e nd so that the i sothe r ma l nr ossu ro d r on 
c o~s ist 9&. of i~b foll00ing five tor ~ s : 
a ) A sudden cont r Rctjon fr om gus - inl et · duct t6 
entr a nc e end of g i:1.'s l,','),ssac'e s 
b) A & r ad~a l ~ont ractio n q l o n~ tau c rod entranc e to 
parsages u~ ' to poi nt of m ini m~m r ose -
soc t i 0 n .'1. l a r :: ;:1. 
c) The f ric t i on A. J. 'P r es '" U r e :d r 0 p' t h r 0 u G n,. c () n tor se c -
tion of . passages at min~mum cross-s6ctional a r ea 
d) A ~ra~uql Jx~~~qio~ at tR~ered e nd s of passa~e 
e) 'k suddqn ex~anslon f ro m and of passagos into SRS -
outlet . elu ct . 
The cxu r ~ss i on fo~ th~ i~othGrmal pres qure d r op du~ to 
these fivo t u rms i sth ~ n ~rittcn in a f o rm sirnil~ r to 
equations ( 7) a n d. (il) : 
~~ btr 
Y Kc + K + t i 80 1 + (1 D 
_J 
11 
in which Kc = 0.14. the coc{f ~ci e~t for sudden contrac-
ti~n. i$ obtained from referenc e 4 or referenc e 5; K = 0.04. 
t:1G coefficient for gradual contractio n, also is obtained 
from re'fer e ilce '4 or r .e f erence 5: (1 .. 1)) ;= . 0.25. , tr. e ooef-
fici j nt ' fo~ ' it~dual axpansion, i~ , obtained from ' refe~~noe 6: 
ana t he ' lag t -term §) n t'11 e ' rig h t sid e 0 f e q u. a t :i. on ' ("12) is ' il he .' 
same as , equati ,on , (lOr , for sudden er-pans:ton losses :. The 
cross"'sec,tiona1 area' A is that ' of the ;inlet ' and outlet, '. 
" , , " 1 ',' , ' , , , 
exha,us't ' ga's ; du:cts ; . ' A;a . is t~~, total ', area. at t.,!-1e ' ends"~f" '" 
the 'gas?'~'Ss ,~5e:s: .'and :, Ag fS,,'tb,e rrtinimuTl\ " are.a: '·at. t~e. :cent ,:' ~ 
of the passages which is the tota.l cr :o'''s' s..ise-ctio~nal , a-re8 (Tn., ' 
the eXhau st-[BS side of the heat e r used'· als 'cj.. ' ih·OO,ua.,tio,n (.6) 
f '.o r t Jl1,e l ' comput at i 011: , .. o,~ t he u,n.i t t~ erm~ l, con~ u,ct.anc 0 t" . f C g. 
Thul?:, " 'is~ ' is 'cal-c.~tla t: ed by r:1O"ans of eq\1.:'?-t ,i, on . (12~ · rrom". 
the mea~u~ed iress u re dr6 p " across the h~atAt , alone APhtr • 
Calc'ulat a d .values of kiso ". aro ~ompared ,t ' o' .pt'.edicted 
valucis'takan far r a , smooth p(pe~ ~S~efig~ 7 : of ~ referonc3 7.) 
Thenon~tsothe~~al prcssu~o droD of 'c ither tluid : 
tl1r~ugh:· th~-:h;~t-~~~;~~g .er w~s predi'qt 68, .from i~2]h~r!!l§.1 
III e Q. sur em 0 n t s b y~' rtl 0 an s of c qua t i 011 ' ( 6 ) 0 f ref e r en c e 1 , 
6P . total measured isotherm.R.I , nressu·re droY) ,(due ' to 
Tiso' " frfotf.on' a.'lon e ) at t o mp '~rntu.re. ,T iso. 
and m l'x,od- mea.:n- · q. OS 0,1 u t ,o t , t3,mp e r at ur 0 s of f 1 ui d at 
inlet :'and 0ut13·t of : hsa~er. resp~ctively' 
" . ,. 
, '0' 
Tnv ~rithme t ' io a v eraGe ofT 1 , a nd Ta 
G fl~id flow p a r unit cro ~s-~e ction~} ~rG~ 
unit weight, eva~uated at temperature Tlt 
" at inlot to heater ' 
of fluid 
,A comp ar lson of ' measuted ana p~cdictea non-isothermal 
pressur .G O,!.ops , apro·ss ou ch' sid " of tho heater is p,r e sBnted 
in ta,bl o IV and is sho",,;? ~rapj-"ically in :figur e s 10 and 11. 
Heat tran'sfer and pr essur o drop dat a. for this Trane 
hoat ex c':anger are prcsentt~ d in tabl e Io 
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DI SCUSSION 
The arithmetic average of all the heat balance rat~os ( :-: t/ \l::!l ) - wa s O~, 97 5 . rr he , t mp r 0 v em e n t 0 v er the rat i 0 s f 0 un d 
in \e~bs ~n other ~eat, ers ~~s due to ~he better temperatu~e' 
distribution attain~d at the exhaust ~~~ outlet of this ~ 
heater-. Th ,~ 'exhaus 't gas experienced a. suq.deU' expansion ', ' 
from the ' tubes of the heater , into the out 'let dU'ct"s. and 
also nc~ntral ~or~i of hot gas." encountere~ in many heaters. 
were absent in this case because o~ the g~eat number ,of 
exhaust gas passages. 
The magnitudes of th~ over-all thermal conductance ui 
predicted by means of equations (4). (5). and (6) are ab~out 
10 percerit lower than . t~e valu~s obtained from laboratori ' 
data at an air ,rate' of 5000 Ip/hr and a1?out 25 percent , lower 
a tan air" rat e 0 f 2000 1 b I hr. The use ' 0 f the mu 1 t i pI i e r 
(1 + 1.1 D/L) in equations (5) and (6) 't o account for thQ 
h i g her un it t her mal c Q.n d u c tan c' e n ear ,t h e 'e n t ran ceo fa ' tube 
or channe ~ ' would 'yield magpit~des ~f UA about , ~ pe~c~nt 
higher than those which were obtained · fro m e q~ations (5) .-
and ( 6 ) ' 1fpon neglect of t ,h is correctio n . (See Apuendix of 
reference-S .) Also the sinuous ' character of the ' ~assages 
on the air side of the " heater may actually il~crea-se the 
unit thermal ~o~ductance over that eX9resse~by ~q~ ~t io~ {5), 
which is based on results of str a i ght t~q6S . 
. .... 
" 
The predicted unit •. the~rual , conductance on the ~a s side 
of the heater ' was found to be much larger than that ' o ~n the .. 
air side. Thus . tbe controlling resistance to heat tra~s~ 
fer was on the air side. It may be possible, therefore, to 
r e - pro p 0 r t ion the air and g Cl. s c r 0 S s - ' sec t ion a 1 are a s i-n' 
order to reduce the large ~tatic p ressure drop on the ' ex-
haunt gas side but not reduc e appTeciably the thermal o~t~ 
put 0 f the he ate r • . The temp era t u reo f the he a t e.r sur f ace s 
- I _ I 
would thus also be diminished. 
'I he i sot 1 erma 1 f ri c t ion f a c tor a 1 0 n g t 'h e air sid e 0 f 
the heate~-;;;:-l;;~~-~-o mputed fr.om lab oratory pressu-re dr 'op , 
measurements, is larger than would be , predic~~d for smooth 
or even rou gh pipes or channels . This fact may have been ,~ 
due to eddies caused by the'zigzag path foll owed by' the 
ventilating air as it passed through the heater. :The iso -
thermal pressure drop through the inlet and outlet air 
ducts was about SO percent of the ,total drop across the 
ducts and the heater . (See table II . ) 
1 3 
, T;1E? i ·.$etherm$.J .. f r i c t i .o n fFl, c to r A.lo n~ the AX'hau~t ('as 
side,of the heater c omnut ed ' f r b~ laborator~ Dre~sure ~ro') 
. ~,100' , ur.eI"'lG_lts· b y me<" n s of equatio n (1 2) w;J.s I/ i thi n 7 ·t:er-
" C? e nt, 0 f t h S '') red i c ted val u e f or' a c; moo t h . tub e ' 
~~~ni~udes '~f ·t. . ~ ar e a l so tabulated i n tables 
. ' . . ISO D 
Xl, and. i~ I. A , c omDa r is~ n ' of th~s e . va l ues with those'of a 
~lotte~-fi n _~e~t~ F ( ~ e e r eie r enc e 9 t tables VI I and VI II) 
r~veals' that :t. ·; 1 ."fo r either 'tvue of " ~eater is ap p rox-lSO D .~ . -
irnnt~ l y 0 .7 for the exh~u8t g aa sides and a~proximately 
_ 2 . 5 . for: . ~ t: he , v: e n ~ i 1 a ~ i ng ~ 1- r . s ~ des ~ The s e . v a.l u e &; 8. r e , 0 f 
cour~e , a ,fvnction 9f t he. we i cht . r ate Der unit of cvoss-
s ectional :). r ea .G . . Th:e hi[,h e l' v l3. 1ues ~f this' rAtio 'on 
the air side may be explai n e d by the turbulence- o r eddy-
forming ~nth u~ually fc} 1 0we d by the ventilatin: air . 
Tho vAl u e~ of the D Q D= 1sQtb§~m~l , pre~sure drop across 
tLe l1eate r ~)!''?: ,lcted f r OI!] the mA P- sured. isothermal d r op by 
me~ns of e~uAtion (13) COmD8 r G wel l with the values meps-
urad in the laboratory . ( See f i rs . 18 and 11 Rnd table I V.) 
The 310 1e of the no~- isothe r ma l pre sure dron curve shoul d 
he G~Qgi§r tha n the slo?8 for the i sothermal cu r ve for the 
c. ')o linr exhau :3t. gases; '.v11'Jrea. it should be l.es.::: i n the 
CRGe of the heate d ventilati nG ai r. An insnection of eoua-
tio~ (2.3) rcve~ls the basis for these 8~fects . 
The heater tested hare las constructed of 1 /32 - in c. h 
iron sheets an~ weished 33 pounds , It i . beJieved thnt R 
s i :n i 1 i'':' r 11 " D, t e J;' h p. ~ bee n mad 6 0 f t hi 11 n e r met p 1 b ",r the S R m e 
firm , t~u1 considerably r educin~ the weight of the unit . 
1 . The tterrnal out~ut of the Tr~n8 heater at an ~i r 
rate of ~OOO Ib/~r and nn exhau s t f RS r3te of 5fOO lb/hr 
was 285 , ~ O O 3tu/lr, The ~ r 8gSUrC dro s , under these con-
e it ion , if .:;r '-. :, , ? in c h e S 0 f \I.q t e ron the air sid 9 and 1 ~ 
ir..ch-.J:; of ','A.ter on t :le exhp..ust f--; r ,s sie.e . 
2 . I t r;18,~' be pos -: ib l e to reduce the lar{' e pressure 
dro ~ O~ the exh~ust ~n s side b~ reducing the restriction 
in tho cross - G e ction~i a r ea and yet not rreatly reduce the 
thermal out~'\.'.t of th o; heater , becan e the controlJ.in@: re -
Ii t l nce t o heat transfe r a ~ ~8ars to be on the ventilating 
. . . 
c). l ~~ 3 J.. '" I. e . 
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3. The thermal output of this heater may be predicted 
within 10 to 25 percent by means of equations (3) to (6), 
The sinuosity of the air-side p~ssages may account for 
part of the discrepancy between the predicted And mea sured 
magnitudes of the over-all thermal conductance UA. The 
air-side pres sure drop also is probably affected. 
4. The thermal performance using fluid temperatures 
ot he r than t hose used in the tests re~orted herein can be 
predicted by obtaining the over-all thermal conductance 
UA fro m fi gu r e 9 at the actual fluid rates and substitut-
i ng i n equation (0). 
5. The isother mal pre ssure drop on the exhaust gas 
side of the heater can oe predicted using a friction fac-
tor for a s mooth tube in equation (12). 
University of California, 
Berkeley, Cali f. 
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TABLE 1.- EXPERIMENTAL RESULTS ON TRANE CROSS-FLOW HEATER ()) 
HEATER OVERALL 
AIR SIDE -'- EXHAUST-GAS SIDE . TE~PS. PERFORMANCE 
I I 
'I' : tb .1tj.., (UA) RLln Ta, Ta2 .1Ta. Wa .6Pa ~o. Tg" . Ig~ 1119 Wg .6Ps ~!I to. tja 
No. of . OF of 1.Q.., . Inches K at.t ' of . of ,OF Ib . Inche$ , K Btu of ~F of" BtL( hr HaO .hr hr HaO . hr hrOF 
I 
/(3 
.96 422 ..326 4670 139 36 . 9 /.3.94 12/0 ·/84 695)0' /8,8 :3..54' o..f)6 -590 7% /050 ...3.5Z 
/ 88 439. 3.5/ :3890 8.9S ..330 /.377 /206 /71 7/00 /.9./ 3..34 /.01 6/6 . 8.38 1030 ..320 
2 .94 S/O, 4/6. 2.900 5.96 2.90 /385 l2.3.5 /SO 1040 /.9..3 2~O 099 680 .5)30 ' JJ87 2.96 
. 
.3 .94 ..580' 486 2/.90 ..3.88 2S7 /3tJ/ 1248 13.3 6.950 /.93 254 Q.99 7..3S .994 968 2M 
/.9 .94 ..391 2.97 47S0 /..3.7 ' 342' 137d 'II.59 214 .5800 /..3.S .34Z' , 1.00 529 740 1020 ..3.3,5 
--
6 .92. 4..35 ..343 .3890 8.80 ' 323 14-01 ,/214 /.9.3 ..51.90 /-3.8 30T 0.9S 5.90 834 1030 3/..3 
.5 9S 4~T 402 2tJ90 .581 28/ ' /407 · /2..35 /'"12 SI.90 1.3..9 274 0.98 641 ..90.9 1020 276 
4 94 SSO 456 2190 J,lS 24Z 1.368 /221 141 .5840 13.9 227 O.!)4- 6ru .960 .962 2S1 
20 .97 36C3 27/ 4710 1.3.3 3/J 1390 1146 2.44 4520 8.1s 3(J3 0.~7 48.9 708 /020 .307 
7 92 3.99 307 3890 8.7S 289, /403 11(j4 2/.9 4S80 8.50 276 0.9S .537 774 1020 28..3 
z 
8 97 466 369 2900 S7tJ 2S9 14-1 I 120S 206 4560 862 258 099 .598 8S.9 IOJO 2..52 f; 
.9 98 54S 447 2120 .3.7/ 229 14-16 /2.35 /80 4S.30 8613 -?24 0.98 659 .9S2 1000 229 » 
LI-M 
L . 
\ 
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TA BLE II 
Isothermal Pressure Dro ~ Dat8 ~ on Tr ane Crossflo¥ Heater 
I.Ai r Side~i 
Wa Ga i6PT . = 6P ducts +6P htr I. _Q_~~~~_a~~ ___ ._._ i ;_._ .._ . _l:_~_~_. ___ ... _ . . .. -.-. -~. -- . - . ,. - ~ ~ . ' ~ I:! 
(lb / hr )l(lb/hrft'l) :o..b/ft)1 (1b/ft 2 ),(1b/ft 2 ) 1 lS(') I iso D 
- ... . . -... ""'--' _.- ---:; --t . .. - --- -. ; - '-' - -... . -- ._-- _ .. .. - - t -.- - -, •.•. - .. -
. I ,I I 
11,600 . 1 3 . 2 ! 3.68 I 9 · 52 , 0 . 16 1 3 . 45 25JO 
3500 16,200 l ' 23 . 9 I ' 7.27 16. 6 .l 3 9 ~ 2 . 99 
~ 5 0 0 17. 2 
*Pr e s s uro dro~ s obt a ined fro~ ~ lots of 
W 8. ' 
~:fEif~ u m ;3 t 1's 0 L = _. 
'y D 2 r' . F', 
2g L. 
L- ( K + ~ i - .+ 1 C s o D ----- = --- \ y 
C'1 ~ a inst 
( 9 ) 
(11) 
IS 
TA:?LY-- III 
. I ~othp rrn~l Pressure Drop D~ta* on Tr~~e Cro~sflow Heater 
[Exh~ust Gas S i de' 
= ~~==~~=~~======~~~==========F = ======== = ===== = ====~=~=;== 
~,! ~, G Ith,tr(B,:>a'~')1 C [l. lcu1 at<c'!.,~eyno1c.s Pre -~ • ~ : .10_ I . 
nu ml"!er d i et ed 
,. 
, ' ~ .f . L '= u!:\ D &. y ; t 12 0 
(lo/:.rY~J.0/:1, ,:; t:3 ) i (lb/ft 2 ) ; 180 '::'i s oD I - ;L C : 
----- ~----------~ - ------------------~ --- -----------r------
~.(\ c O ' 26 , ~.;C\ O J ll.~ O. 02:9!0 . 657' 22 , 000 : 0.024 
6o~.r 39 , 500 2 '1 , "'r • .J.. 
90 ~0 59 , 21)0 
, 
, i 
. 1)2~6; . 648 : 33,0('10 
,. I 
. 0215: 
! 
. 020 
--------- - ------------------------------------------- - --- -
6Phtr 
-- - - - = 
Y 
U :3 
D 
2C; 
~ 
D 
U 2 
-~-
2t:; 
6P " 
E:; g 
- - -_._-- " 
W-/l 
TABLE IV 
Non-Isothermal Pressure Drop Data on Tr ane Crossflow Heater 
W G Measured Predicted Measured 
Run lb/hr I b/ hr ft a i sother mal non- non- Tl Tz T 
pressure isothermal isother mal av 
drop* pressure pressur e 
drop drop 
6P 6p t 
6P I l:lP ' 6P ! 6p t T. T. ~ oR oR 1S0 1S0 
I 2. I b ft m .HzO I b/ft a i n.H2 C / a. lb ft m .HzO 
(T. = 5400 R) J..so I I 
I I I 
Exhau st Gas Side 
g 4560 34 ,300 14·3 2.76 ~ 43. 2 8· 32 44.8 8.64 1[571 1665 1768 19 5800 43,500 22 .6 4.36 65 .6 12. 6 70.1 13 ·5 1833 1619 1726 
2 704.0 52 ,900 32·7 6.30 08 20 .8 100 19 ·3 1845 1695 1770 
Air Side 
9 2120 9,810 10. 2 1. 97 17· 15 3. 43 19.3 3· 72 558 1005 781 
5 2890 13,400 17·0 3.28 28·7 5·53 30.2 5· 82 555 957 756 
1 3890 18,000 28.4 5.48 45·9 8.85 46·5 8.96 548 899 724 
20 4770 22, 100 40.0 7·71 60. 1 11.6 68.0 13·1 557 828 693 
*Th ese entries are taken from plot of 6Pg against Wg or ~a against Wa 
s ince actual isothermal measur ements were ~t sl ightly differ ent fluid rates . 
( T )1 . 1 :3 ( ~2 1 (T 2 ) ~ = liP av + G __ __ _ 1 Ti so -T- ~ 'Y g Tl 
iso 1 
(13) 
[>pI = ~ X ~, inches H20 
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NAeA Figs. 2,3.4.5,6 
Figure 2.- Photograph of 
Trane hea ter. 
Figure 3.- Photograph of 
Trane heater. 
Figure 4.- Photograph of Trane heater with 
ventilating-air ducts attached. 
Figure 5. Figure 6. 
Figures 5,6.- Photographs of Trane heater 
installed in test stand. 
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Air-side section Gas-side section 
Air Gas 
Cross section are a, ft .2 0 . 216 (Aa) 0 .152 (Ag) 
Heat transfer area, f t.2 19. 2 19.2 
Hydraulic diameter, ft. 0 .0253 0.0386 
WeiQht of heater 33Ibs.) shroud 12 Ibs. 
F ig. 7 Schematic Oioqram of Trone Heatir 
and Air Shroud 
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